ABSTRACT A negative impedance converter (NIC) has been combined with a wireless power transfer (WPT) system to maximize the system efficiency based on non-foster theory. The NIC is composed of transistor, voltage divider, capacitor, and inductor for impedance matching, and resonant circuit operating at 6.78 MHz. The desired negative impedance can be controlled by tunable impedance in the NIC. In this paper, the loss of the transmitting coil is reduced to 0.1 , yielding a quality factor of 7,050, which is 19.1 times higher than that of the conventional coil. The WPT system with the NIC provides high power transfer efficiency (PTE) at various transmission distances. The experimental results are improved from 64% to 96% and from 5% to 55% at the transmission distances of 50 and 200 mm, respectively. Furthermore, the PTE is enhanced from 38% to 87% and from 2% to 38% at the diagonal misalignment distance of 0 and 150 mm, respectively, at a transmission distance of 100 mm. The proposed technology for increasing the receiving power in the receiving coil with a higher PTE can be utilized for numerous applications in the industrial, scientific, and medical band, with a restricted radio frequency power on the transmitter side.
I. INTRODUCTION
Research on the wireless power transfer (WPT) system has flourished since the Massachusetts Institute of Technology team successfully demonstrated the WPT system using the magnetic resonance coupling (MRC) method in 2007. They operated a 60-W light bulb by using coils 60 cm in diameter at a distance of 2 m. A power transfer efficiency (PTE) of approximately 45% was observed at the resonant frequency of 9.9 MHz [1] . Various studies on the WPT system using the MRC method have been performed, including effects of the rotation as well as misalignment of the receiving coil [2] - [4] , meta-material [5] , [6] , domino structure [7] , [8] , optimization of the coil design [9] - [11] , the effects of the ferrite and conductor [14] - [16] , analysis of the WPT system [19] - [26] , and WPT system with negative impedance converter (NIC) [27] .
For WPT systems with a high efficiency at a long distance, meta-materials or domino structures based on multiple coils are proposed; however, these are impractical owing
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to bulkiness of the three-dimensional (3D) structure of the coils [5] - [8] . On the other hand, small coils have inherent difficulty in achieving high quality factor (Q-factor) [9] - [11] . It is clear that the design of the entire WPT system must consider the coil dimension, the usage of ferrite sheet, and the adjacent conductor for practical mobile applications [14] - [16] . When a coil has a high Q-factor and high PTE at a long distance, however if it is bulky owing to a fat wire and large dimensions [12] , [17] , [18] , its application is very limited. On the other hand, to increase the power delivered to the receiver (RX-coil) regardless of the PTE, a power amplifier can be used in the transmitter. However, the radio-frequency (RF) power of the transmitter (TX-coil) is restricted in the industrial, scientific, and medical (ISM) band. Applications in the ISM band include WPT, wireless local area network, Bluetooth, radio frequency identification (RFID), near-field communication, bio-sensors, Internet of Things, and wearable devices. It is very important to receive as much as possible RF power by increasing PTE when a limited RF power on the transmitter. Even though the direct-current (dc) power consumption can be increased on the transmitter side, it does not consider because this study focus on effectiveness for the WPT system with the NIC.
In previous study, it is verified the possibility of the WPT system with high PTE at 0 dBm power level using NIC with an operation amplifier (Op-Amp). The PTE is improved at various distances owing to the increased Q-factor of the coil. However, the drawback of this work is that Op-Amp does not use input current due to the infinity of input impedance [27] . Hence, the NIC with Op-Amp is very difficult to apply the practical applications because both the voltage and current of the RF signal power should be used for wireless charging as well as the power is used for relatively low level. Furthermore, to be used in more applications, the input power level should be higher than 0 dBm.
To overcome the limitation of the previous approach, a novel WPT system with a NIC using bipolar junction transistor (BJT) is proposed to enhance the Q-factor and thus the PTE. The proposed technology can be applied to the practical applications in ISM band, such as Bluetooth, sensors, and RFID, due to the use of input power of 10 dBm. Despite the transistorized NIC is more complicated than the NIC with Op-Amp, it represents the adjustable structure of the NIC such as input impedance, operating condition, and resonant frequency. In order to operate the NIC at 6.78 MHz, the bias conditions are adjusted by using a voltage divider that can control the voltage and current of the NIC. Furthermore, capacitor and inductor are used for impedance control, and a resonant circuit is used to achieve stable operation without oscillation. The negative resistance is generated by using the tunable impedance in the NIC, and it can decrease the loss of the TX-coil. In other word, regardless of the coil size, shape, and loss, the negative resistance can be used to improve the Qfactor of the coil. The effectiveness of the NIC with regard to the PTE and received RF power is examined in the following sections.
II. ANALYTICAL MODELING
A. TWO-COIL SYSTEM Fig. 1(a) presents an equivalent circuit of the conventional WPT system with the MRC method. The signal power of the TX-coil generated by a voltage source V S with impedance R S is transferred to the RX-coil at the resonant frequency f r and then delivered to the load R L . The TX-and RX-coils can be expressed by the inductors L TX and L RX ; resistances R TX and R RX ; and resonant capacitors C TX and C RX . The coils are linked with the mutual inductance M , and the coupling coefficient k can be obtained as M / √ (L TX L RX ). The PTE of the WPT system terms of the coupling coefficient and Q-factor of the coils. The coupling coefficient decreases rapidly as the transmission distance d between the coils increases. Therefore, the Q-factors Q TX and Q RX of the TX-and RX-coils are very important for achieving a high PTE at a long distance. The high Q-factor of the coils with series resonance is associated with a large reactance and low resistance of the coil [19] . Consequently, the efficiency η can be calculated by using Kirchhoff's voltage law for each circuit at the TX-and RX-sides such as the ratio of the source voltage to voltage V L across the load. Furthermore, it can be expressed in terms of the coupling coefficient and Q-factor of the coils [19] - [25] :
Moreover, these factors can be converted into the insertion loss in scattering parameter. The insertion loss takes into account several factors such as the reflection and surrounding environment of the WPT system [19] - [25] . Hence, the PTE represented as the insertion loss can be readily compared with the measurement results. Thus, the PTE (η) can be expressed as
To obtain the maximum PTE in the WPT system, the coils are conjugate-matched to the optimum input impedance; however, in various situations, the optimum point can be changed with respect to the reflected impedance, such as the transmission distance between the coils [24] - [26] . In this paper, since the port impedance of the measurement equipment is 50 , the PTEs are represented when the port impedance is matched to the optimum impedance by using post-processing. Note that the port impedance can be changed according to the impedance for the signal source and load, however, it is able to match the impedance by using the postprocessing and matching network. The proposed WPT system with the NIC is shown in Fig. 1(b) , where the NIC is placed between the TX-coil and the signal source. The loss of the TX-coil is reduced by using the negative resistance generated by the NIC. Thus, the inductance of the coil is maintained and the loss is reduced, it is represented for a high Q-factor of the coil. According to (1), a high Q-factor leads to a high PTE. Thus, the PTE of the WPT system with the NIC is significantly improved by increasing the Q-factor. In the case of the limited usable RF power in the ISM band, the proposed system is appropriate. Although the dc power consumption to drive the NIC occur in the transmitter side, it is more crucial to improve the received power in the ISM band. Moreover, the dc power consumption is relatively less important for the transmission side because the RF signal power is supported from outlet. Therefore, the NIC focuses on the demonstration for a high PTE as well as the received power improvement of the WPT system, and the dc power consumption of the NIC is not included in the PTE calculation, for instance, power amplifier. The PTE is lowered when considering the dc power consumption of the NIC or the power amplifier.
B. NON-FOSTER CIRCUIT
The NIC can be used to implement non-foster circuit. The NIC employs active components, such as operational amplifier and a bipolar junction transistor (BJT). The negative impedance is determined for a loaded impedance or a ratio of the feedback impedance for a capacitor, inductor, and resistor [27] - [33] . The transistorized NICs proposed by Linvill [28] are categorized according to the voltage and current inversions, floating and grounded connections, open-and short-circuit stability, and open-and short-circuit instability [28] - [33] . In this paper, the grounded NIC model, which is open circuit stable (OCS) and provides voltage inversion, is discussed among the NICs with BJT, as depicted in Fig. 2 . The principle of the circuit can be expressed by using voltages across the resistor and currents flowing in the circuit. The input impedance appears as the negative value of the load impedance owing to the inverted voltage waveforms [29] . In the case of the NIC without the resonant circuit, the negative impedance exhibits at all frequencies and can cause unwanted oscillations at other frequencies. Therefore, the resonant circuit L r and C r in the NIC is added in parallel to the tunable impedance Z N . The negative impedance can be obtained at the desired resonant frequency. In other word, the characteristics of the NIC have frequency discrimination and do not affect other frequencies. At the resonant frequency, the input impedance of the parallel resonant circuit is infinite; thus, it only represents the tunable impedance. The NIC can be analyzed using a small-signal equivalent circuit to verify the analytical solution [28] - [33] . The transistors in the NIC are substituted for a hybrid T-model, and the small-signal model of the NIC is described in Fig. 3 . The BJTs are represented by the emitter and base resistances (r e and r b ) as well as by the current source in parallel with collector resistance r c . In order to obtain the input impedance at the small-signal equivalent circuit at the resonant frequency, the voltages and currents can be determined using Kirchoff's law:
Then, the input impedance can be obtained by substituting the variables. Equation (5) can be rearranged as;
where α is the typical model parameter and ranges from 0.98 to 0.99. The input impedance Z IN of the NIC can be defined as
Under the assumption that α = 0.98, I C ≈ I E = 30 mA, r e = 25 mV/I E = 0.83 , and r b = 25 , at tunable impedances of Z N = 0 and 50 , the input impedance is calculated as 2.67 and −45.33 , respectively. The analytical solution is compared with the simulation and experimental results in Section III.
III. COILS AND NIC A. TX-AND RX-COILS
The TX-and RX-coils used in the WPT system are depicted in Fig. 4 . The coils exhibit an asymmetric structure and are optimized for practical mobile applications [34] , [35] . They are designed via the 3D electromagnetic field solver of HFSS v15.0. The coils are printed on a Taconic TLY-5 substrate, which has a dielectric constant of 2.2, a loss tangent of 0.0009, and a thickness of 0.79 mm. The thickness of the copper strip is set as 72 µm considering skin depth at the resonant frequency of 6.78 MHz. The TX-and RX-coils are optimized based on the highest Q-factor. The TX-coil is optimized to have a high Q-factor of 384 for the dimensions of 250 mm × 250 mm × 0.9 mm. To achieve multiple and fast charging capabilities, the TX-coil consists of a six-turn outer coil as well as a small three-turn inner coil, which are connected in series with a gap of 23 mm between the coils. Fig. 5 is magnetic field intensity of conventional nineturn coil and the proposed TX-coil. For a fair comparison, coil size and the number of turns are same as well as the intensity is normalized for maximum value at the distance of 100 mm. As the gap decreases, the TX-coil changes like the multi-turn coil and the magnetic field intensity generated from the TX-coil appears weakly at the center and side of the coil in Fig. 5 . On the other hand, the inductance of the TX-coil is reduced because total length of a small coil is shortened when the gap increases. In addition, the impedance of the TX-coil is changed for the loss as well as the mutual coupling between the coils. Thus, it is important to adjust the gap to have a uniform magnetic field intensity which maintaining high Q-factor of the TX-coil. Consequently, since the magnetic field intensity of the TX-coil with the gap is relatively uniform compared to the conventional multi-turn coil, it is more advantageous for multiple charging than the conventional coil. [34] - [37] . The optimized parameters for the number of turns, wire width, spacing between the wires, and gap are 9, 5 mm, 4 mm, and 23 mm, respectively.
On the other hand, the RX-coil is designed to have a high Q-factor and small size; its overall size is 40 mm × 60 mm × 0.4 mm. The same dielectric substrate used for the TX-coil is employed, with a thickness of 0.25 mm. The RX-coil has different winding direction on the top and bottom sides, which are connected through via-holes. The wire width is exponentially reduced by a scaling factor for each turn. This technique can improve Q-factor due to lowered loss and increased inductance of the RX-coil [34] , [35] , [38] , [39] . The RX-coil has a Q-factor of 228, and the optimum number of turns, wire width, scaling factor, and spacing between the wires are derived as 4, 4 mm, 0.75, and 0.25 mm, respectively. The characteristics of the coils are summarized in Tables 1 and 2 . The measured Q-factor of the coils as well as self-resonance frequency (SRF) agree very well to the simulations. The SRF means that the coils without the resonance capacitor is measured using a vector network analyzer (VNA) of E5071B model.
B. NIC
The NIC circuit is illustrated in Fig. 6 . The circuit is simulated with an Advanced Design System (ADS). The NIC performance differs depending on the maximum input power P IN and negative resistance due to the characteristics of the VOLUME 7, 2019 BJT. Note that the high-power handling capability of the NIC can be enhanced by increasing collector current. However, the effectiveness of the NIC in the WPT system is demonstrated in this paper when the available input power is fixed at 10 dBm. In order to obtain maximum performance of the NIC, the BJT is selected (2N2222AUB model) due to its relatively high cut-off frequency and current gain as well as well-known model [29] . In addition, the bias conditions for the NIC are V CC = 15 V, V CE = 10 V, and I C = 30 mA. These parameters are controlled by adjusting the collector resistor R c and base resistor R b . The components for the dc feed (L c and L b ) and dc block C b are connected to the collector and base of the BJT, inductor L e is mounted to the emitter, and capacitor C e is installed at the input and output ports for impedance control. In addition, a resonant circuit with L r and C r in parallel is added to obtain negative resistance at 6.78 MHz, and the desired a negative resistance at the input impedance Z IN is obtained by varying the tunable impedance Z N . In other word, the input impedance of the NIC can be adjusted in the restricted range by using tunable impedance as well as inductor and capacitor at the emitter. However, in order to stabilize the NIC circuit, the reactance of the input impedance is set to 0 . Therefore, it is inappropriate to use the negative impedance characteristics while using impedance matching between TX-coil and 50 .
To obtain only negative resistance at 6.78 MHz, the optimum component values of the NIC are as follows:
, and Z N = 0 ∼ 50 . The resonant capacitance C r varies from 551 to 560 pF owing to the tolerance of the internal impedance of the NIC. The optimized value of the coupling capacitor C e is selected according to the measurement when the imaginary part of the input impedance is approximately zero at 6.78 MHz. The load impedance Z R of 51 is combined with the NIC, and the overall impedance Z T with respect to the tunable impedance Z N is illustrated in Fig. 7 . The overall impedance is obtained as the sum of the load impedance and the input impedance Z IN of the NIC. The value of the tunable impedance in the NIC is adjusted from 0 to 50 when the load impedance is 51 . In the case of the tunable impedance of 50 , the value of the analytical solution is 5.7 , while the simulated impedance is 6 and the measured value is 6.7 due to the tolerance of the actual devices. On the other hand, when the tunable impedance is 0 , the analytical solution, simulation, and measurement results are 54, 53, and 54 , respectively, exhibiting excellent agreement.
C. TX-COIL WITH THE NIC
The fabricated coils and the NIC are shown in Figs. 8, 9 , and 10. The resonant capacitors are connected in series to the TX-and RX-coils. The characteristics of the NIC and coils are individually measured, and then the TX-coil and the NIC are combined in series through the wire. Because the impedance of the wire is very small, it does not substantially affect the impedance of the TX-coil. However, a connector can be added on the load side of the NIC to decrease the wire impedance. As illustrated in Fig. 8 (c) , the NIC is combined with the TX-coil. The RX-coil is placed near the battery in mobile devices, and a ferrite sheet can be used to restore the PTE by shielding the influence of the conductor. As shown in Fig. 9(c) , the ferrite and copper sheets are attached to the bottom side of the RX-coil in light of practical situations. The ferrite sheet (AFS-P06-R50 model) is provided by Amotech Corporation and has a relative permeability of 297, magnetic loss tangent of 0.56, and thickness of 500 µm. The fabricated coils and the NIC are measured using VNA of E5071B model. The properties of the TX-coil with the NICas well as RX-coil with ferrite and conductor at 6.78 MHz are summarized in Tables 3 and 4 The oscillation check in frequency domain of the NIC is measured using a spectrum analyzer of MS2830A model. As shown in Fig. 11 . The NIC does not exhibit any oscillation or harmonics in the range of 3 to 300 MHz. Hence, the NICdoes not influence other frequencies and can be applied to the WPT system.
In this work, the WPT system with the NIC is designed and fabricated for PTE improvement via an enhanced Q-factor at the input power of 10 dBm. To obtain a high Q-factor at the TX-coil with the NIC, the overall impedance need to be controlled using the tunable impedance. The measured loss of the TX-coil is approximately 2 , as in Table 1 . The impedance of the NIC is around 3.0 in (1) when the load and tunable impedances are 0 . Hence, the overall impedance of the TX-coil with the NIC would be about 5.0 + j0 at 6.78 MHz. As shown in Fig. 12 , the overall impedance of the TX-coil with the NIC is adjusted to approximately 0.1 + j0 at 6.78 MHz. To decrease the effects of the reactance in the NIC, the imaginary part is set close to zero. In order to obtain real part of the overall impedance of approximately 0.1 , it is evaluated that the negative resistance must be −4.9
, requiring a tunable impedance of 4.9 . For the negative impedance, the simulated and measured tunable impedances Z N are tuned to 4.9 and 5.5 , respectively. Fig. 12 shows the real and imaginary parts of the overall impedance of the TX-coil with the NIC. While the simulated NIC is 0.10 + j0.03 , the measured value is 0.10 + j0.05 , and the resulting Q-factor is enhanced to 7,050, which is 19.1 times higher than that of the conventional TX-coil without the NIC. 
IV. DEMONSTRATION FOR THE WPT SYSTEM WITH THE NIC A. PTE OF THE WPT SYSTEM
The experimental setup is shown in Fig. 13 . The TX-coil with the NIC and the RX-coil with the ferrite and copper sheets are fixed on an acrylic fixture, with the coils facing each other at their centers. The coupling coefficient remains unchanged because the transmission distance and coil placement are identical to those for the WPT system without the NIC. The impedance of the coils is conjugate-matched to the 50 input and output ports. Moreover, the PTE does not consider the losses of the matching network because the results are post-processed using the circuit simulator. In addition, the PTE is derived for the efficiency of coilto-coil configuration at various transmission distances and offsets, and the dc power consumption due to the NIC is not considered.
The PTEs of the WPT system are depicted in Figs. 14 and 15 at 6.78 MHz with an input power of 10 dBm, indicating excellent agreement between the measured and calculated values. The PTE of the TX-coil with the NIC reveal much higher values than that of the conventional WPT system. FIGURE 15 . PTE of the WPT system with respect to the diagonal misalignment distance between the two coils at the transmission distance of 100 mm.
Note that the PTEs for other NICs with the BJT or Op-Amp are similar to those of the proposed NIC because the Q-factor of the TX-coil is improved. Note that the performance of the NIC with the BJT depends on the bias condition, and thus the input power changes. On the other hand, the maximum available input power of the NIC with Op-Amp is 0 dBm considering the stable operation. Furthermore, the NIC with Op-Amp is not suitable for the WPT system because the input current is not used.
As shown in Fig. 14 , the conventional WPT system without the NIC, revealed measured PTEs of 64% and 5% at transmission distances of 50 and 200 mm, respectively. On the other hand, the PTEs of the WPT system with the NIC have been enhanced to 96% and 55% at the same distances. In actual WPT systems, the coils may be misaligned depending on usage. Moreover, a certain distance should be provided to secure the degree of freedom for the receiving device. Hence, Fig. 15 indicates the PTE according to diagonal misalignment ''offset'' between the coils at the distance of 100 mm. The measured PTE is improved in the ranges of 38% to 87% and 2% to 38% at offsets of 0 and 150 mm, respectively. Consequently, it is clear that the PTE is greatly improved due to the increased Q-factor of the TX-coil with the NIC. The mobile device is able to charge wirelessly even if they are misaligned because the proposed WPT system have a high PTE.
To verify high PTE with the proposed NIC, many studies are compared to the WPT system with the NIC. Normalized distance d N between two coils is defined as
(l TX l RX ) for fair comparison, such as transmission distance in terms of the coil size. Because large coil exhibits higher PTE at long distance than small coil, the largest dimension should be taken into account when comparing studies. l TX and l RX are the largest outside dimension of TX-and RX-coils, respectively [37] . In Table 5 , several works in references are chosen in terms of similar PTE at the normalized distance of 1 and 1.5, similar dimension of TX-or RX-coils, asymmetric coil size, and presence of ferrite. In addition, compared coils have square or rectangular shapes as well as relatively thin thickness. As shown in Table 5 , despite being thin TX-coil as well as compact size of the RX-coil with the ferrite and the conductor, the WPT system with the NIC reveal much higher efficiency compare to other studies. Hence, the high PTE is obtained by using the NIC regardless of use of ferrite and coil structure, such as size, thickness, and shape. Moreover, since the proposed WPT system shows high PTE according to the various distances, it is likely to be applied to the practical mobile applications in ISM band.
B. DEMONSTRATION
For demonstration, Fig. 16 is a schematic of a humidity sensor using the WPT system with the NIC. Note that the NIC is employed on the TX-coil side only. It is worth to mention that the dc power consumption on the transmitter may not be important for maximum received RF power. In other word, this is because it is important to improve the PTE for increased transmission distance with limited available RF power. Furthermore, when a loss of coil system due to adjacent material increases, the received RF power can VOLUME 7, 2019 FIGURE 16. Diagram of a humidity sensor using the WPT system with the NIC. be greatly improved by adjusting the negative resistance in NIC. The proposed technique is effective for overcoming the weaknesses of the WPT system, such as the limited RF power on the transmitter side in the ISM band.
To obtain the received RF power to the RX-coil side, the matching network of the WPT system is depicted in Fig. 17 . The matching network is based on the transmission distance of 50 mm, the misalignment of 0 mm, and the frequency of 6.78 MHz, the input power of 10 dBm. Note that the matching network is used to deliver the maximum power at 6.78 MHz, thus, it does not affect the resonance of the coil. In the case of the received RF power, the losses of the inductors used in the matching network should be included in the PTE to match impedances of the input and output ports because the impedance of the measurement equipment is 50 . As a result, the PTE and received RF power are lowered accordingly. Hence, the inductors should have a low loss, which means high Q-factor inductors. Therefore, the high Q-factor inductors can be improved for higher PTE of the WPT system with the matching network. The total loss of the inductors in this research is measured to be 1 at 6.78 MHz. As depicted in Fig. 17 , the PTE and received RF power are calculated by adding the inductor loss in the circuit simulator.
As shown in Table 6 , the simulated PTE is lowered from 66% to 58%, and the received RF power is 5.8 dBm. Furthermore, the result of the WPT system with the NIC is changed from 95% to 91%. Thus, the simulated results are compared very well to the experimental results, as summarized in Table 6 .
The signal source of 10 dBm is supplied by signal generator of E4483C model, the received RF power is measured using a spectrum analyzer (MS2830A model). The measured result for received RF power of the conventional WPT system is 5.5 dBm, while that of the WPT system with the NIC is 9 dBm. The results are reasonable considering the loss of the inductors and the input power. Therefore, the WPT system with the NIC is verified to provide increased PTE and resulting increased received RF power at 6.78 MHz. The received RF power of 9 dbm is converted into dc power using a full-wave rectifier and provided to the load of 50 . The load in demonstration is selected for a commercial humidity with a low power in operation power range [40] . As shown in Figs. 16 and 18(a) , the humidity sensor of DHT-22 model is used to demonstrate the proposed WPT system. The power is supplied from the WPT system to operate the humidity sensor. Since the received power is 9 dBm at the distance of 50 mm, the humidity sensor can operate because the bias is 7 dBm (3.3V, 1.5 mA). The operation of the humidity sensor exhibits the display via Arduino as depicted in Fig. 18(b) . The display results indicate that 25.4 • and 75.0% are temperature and humidity, respectively. Thus, it can be used in applications with similar operating conditions. Hence, it is verified that the proposed WPT system can be applied to several mobile applications operating below 10 dBm.
V. CONCLUSION
The Q-factor of the coil and the resulting PTE are significantly enhanced by using the NIC circuit on the TX-coil side. The simulation and experimental results for the performance of the proposed NIC-incorporated circuit at 6.78 MHz and input power of 10 dBm exhibit excellent agreement. In this work, the Q-factor of the TX-coil with the NIC is 7,050, which is 19.1 times higher than that of the conventional TXcoil for various distances and offsets. The measured PTEs are enhanced from 64% to 96% and from 5% to 55% at transmission distances of 50 and 200 mm, respectively. Moreover, at the transmission distance of 100 mm, the PTEs are improved from 38% to 87% and from 2% to 38% at misalignment distances of 0 and 150 mm, respectively. Moreover, received power considering the loss of inductor in matching network is measured to be 9 dBm at the distance of 50 mm. The power is 3.5 dBm greater than that of the conventional WPT system. The results confirm that the PTE as well as the received power can be significantly improved under the limited available or usable RF power on the transmitter side. It is clear that the proposed WPT system can be applied to Bluetooth, sensors, and RFID in ISM band.
